Adherent Technologies, Inc. has been developing a light-curing resin technology (Rigidization on Command™) to allow the fabrication of inflatable structures that can be easily packed and deployed with hardening to a stable structure taking place on-orbit. One of the more significant criticisms of ROC technology has been the perceived idea that the systems are not reversible. While not reversible in the true chemical sense (i.e., the systems cannot be "uncured"), thermal reversibility is possible. All indicators are that these systems can, in fact, be fabricated on Earth, then packed and deployed in space, eliminating existing concerns regarding the quality of the on-orbit structures created using ROC technology. If the systems are rigidized on-orbit, a means exists for correcting defects if necessary.
I. Introduction
arge space-deployed spacecraft, such as antennas and solar sails, are of interest in the NASA, NOAA, military, and commercial sectors for a variety of applications that include communications, long baseline interferometry, space-based radar, earth and solar system science experiments, and exploration of the universe. Inflatable structures that become rigid after reaching the required shape are a promising approach for this class of structures. A need exists for a controlled, clean rigidization technology to harden inflatable spacecraft after they have achieved the required shape. This program is addressing that need through the development of a family of radiation (ultraviolet [UV] and visible light) curable resins for structural composite matrices termed Ridigization on Command (ROC). These resins are being formulated to cure in low-temperature conditions with varying kinetics at low power inputs and at various wavelengths. We have been investigating cure using internal light sources under a blanket of multilayer insulation (MLI). When optimized, the ROC technology will provide a versatile rigidization technology for the inflatables community.
To date, several formulations that cure under UV and visible light illumination have been developed [1] [2] [3] [4] [5] [6] and prototype booms have been constructed using these resin systems in conjunction with various combinations of glass and carbon fibers. One key consideration that has not been addressed, however, is the "reversibility" or "correctability" of structures constructed using Rigidization on Command™ technology. This paper will discuss our efforts in this area.
II. Rigidization on Command™ (ROC) Resins for Inflatable Space Structures
As mentioned above, light-curing (UV and visible) composite matrix resins are being explored as an attractive means for rigidizing inflatable spacecraft for large space-deployed structures. Light-curing rigidization after the inflatable spacecraft reach the correct shape appears to be a very promising approach for fabricating structural members for these applications, such as booms, struts, and trusses. Light-initiated curing provides a controlled, clean, low power rigidization technology to harden these inflatable spacecraft once they have achieved the required shape.
Over the last several years, Adherent Technologies, Inc. has been developing a series of light-curing resins for "Rigidization on Command"™ (ROC) applications. The hallmark of these resin systems is the light-initiated curing that allows the systems to be cured at the convenience of the mission operator. Both epoxy-based and acrylatebased resin systems have been developed for cure over a wide variety of wavelengths from the more common ultraviolet into the less common visible range. Various light sources have been explored for the curing of these resin systems in space; requirements for this scenario are low power and light weight. The most promising system to date has been a visible-light initiated system cured with LEDs 6 .. For space applications, epoxy resins are most favored as they cure via a "living polymerization" mechanism, which allows for continuation of cure even in the absence of illumination.
ROC resin systems require several components to function properly in the low-temperature, low-power photocures that will be required for actual deployment scenarios. In addition to the standard epoxy and photoinitiator, the addition of other compounds is required to adjust the storage/handling and cure behavior of the resin systems for the unique complications of inflatable space structures and the unique cure conditions encountered in an orbital environment. Typical components for ROC resins include:
Epoxy resin -cycloaliphatic resins are preferred to ensure adequate conversion of light to activated species that promote cure Photoinitiator -exposure to light triggers the generation of species that initiate epoxide homopolymerization Sensitizer -allows more efficient use of incident light by allowing more complete energy transfer to the photoinitiator. These compounds can also allow for the use of longer wavelength (visible) light initiation, potentially leading to greater depth of cure and lower power requirements. These sensitizers also allow the use of a wider range of bladder materials in the fabrication of struts and other structural components.
Accelerator -allows generation of a larger number of cationic species to initiate epoxy homopolymerization Adducting compounds -includes materials that may co-react with the epoxy resin in the presence of a thermally activated catalyst or through photoinitiation. These compounds are used to adjust resin viscosity to allow the optimum balance of cure properties, deployment properties, and storage properties.
These resins cure to crosslinked, rigid structures, leading to one of the major criticisms of this technology, its non-reversibility.
III. Thermal Reversibility of ROC Resin Systems
There are situations in which the folding or reshaping of light rigidized composites might be required. Such a folding or reshaping exercise would require the system to function in a "reversible" manner. This is not a true reversibility, but rather is a scenario in which the composite matrix can be softened by heating to allow the necessary manipulation and then cooled back to a hard state. One indicator of whether or not this action is feasible is the glass transition temperature (T g ); this is the temperature at which the rigid material transforms from a rigid, glassy state to a soft, rubbery state.
A. Evaluation of Base Resin T g
As a preliminary indicator of ROC composite reversibility, we analyzed the T g s of several base resin samples using dynamic mechanical analysis (DMA). In this experiment, a small bar of the cured matrix resin material is placed into the single cantilever test fixture and subjected to a temperature ramp from 50 to 300°C at 3°C/min. The sample is deformed at a particular frequency (1 Hz or 10 Hz) during the heating process and the storage and loss moduli are monitored. The T g occurs when the storage modulus drops from its glassy value (~1 GPa) to its rubbery value (~1 MPa). The T g is most frequently quoted as the peak of the loss tangent (tan ) curve where tan is defined as the ratio of the loss modulus to the storage modulus. A representative plot showing storage and loss moduli and tan is given in Figure 1 . Results for several ROC base resins are given in Table I All of the resin systems tested softened at temperatures low enough to be considered thermally reversible. The softening temperature of the cured resin can be tailored by proper choice of modifiers (generally the adducting compounds) and their concentrations in the resin formulation.
B. Tow Experiments
To evaluate the reversibility of future boom structures, twists of glass fiber were impregnated with each of the four different resins listed in Table I and cured in sunlight to yield stiff composite sticks. Twisted tows consisting of either 449 S2-glass fiber or hybrids consisting of 449 S2 glass and AS4 12K carbon fibers impregnated with resin were evaluated.
The cured composite sticks were heated to about 90°C, and wound onto rods of different diameters (pencil, 0.5 inch, 0.75 inch, 1 inch, 1.25 inch, 1.75 inch, and 2.25 inch) while warm. Some apparent crazing of the resin (stress whitening) was noted during the curling operation, particularly for the smaller diameters. After deformation, the sticks were then cooled to room temperature. The coils usually sprang back to a bit larger diameter than the original coiled diameter. However, the coiled shape was maintained. Upon reheating to 90°C, all coils returned to their original straight configurations and appeared to self-repair the whitened areas in the resin. Figure 2 shows the coiled and recovered sticks. Figure 2 . Carbon/glass hybrid tows impregnated with resin deformed above T g followed by cooling (left) and after heating and shape recovery (right)
C. Isogrid Structures
As the next step in demonstrating reversibility capabilities, letter-size isogrid sheets were fabricated by hand placing resin-impregnated twisted tows between Mylar sheets in the isogrid pattern and curing in sunlight.
Deformation and recovery experiments were performed by heating the isogrids sheets to 90°C, rolling onto a piece of 2-inch diameter pipe, and cooling. As observed for the tow samples, there was some springback from the deformed diameter after cooling. As with the tow samples, when reheated to 90°C, the isogrids returned to their original cured configuration. Photographs of a rolled and recovered isogrid sample are given in Figure 3 . These experiments were then extended to cured isogrid tubes. The tubes, manufactured by ILC Dover, Inc., use ATI-ROC-DBF3-impregnated glass tows for reinforcement. The isogrid tube was heated at 100°C to soften the composite and then rolled in a manner typical of packing for this type of inflatable article. The article was then cooled for a period of several hours and reheated to observe the recovery. Figure 4 shows photographs of the rolled and redeployed tube structure.
(a) (b) Figure 4. Isogrid tube (a) heated and rolled and (b) reheated and recovered
The recovered tube appears virtually identical to an as-fabricated control tube. A slight deviation from round was noted; the origin of this deviation is not known. This deviation is not believed to be significant; it was on the order of 0.2 mm relative to a tube diameter of roughly 180 mm.
IV. Tube Morphing Concepts
The original goal of the thermal reversibility study was to determine whether or not morphing technologies could be used to adjust ROC resin-based inflatable structures after deployment and rigidization. Two morphing concepts were evaluated for this purpose.
Both of these morphing concepts involved the use of a morphing joint to change the angular direction of the attached isogrid tubes. Two ways of morphing the joint were PZT actuators and Shape Memory Alloy (SMA) wires. The basic operation behind each of these concepts is to heat up the composite joint wall using heater wires, increasing the composite temperature above the resin's T g . After the composite became pliable, either the PZT or SMA technologies are used to change the distances between the collars at the top and bottom of the joint either by directly applying a force between them or by distorting the composite joint wall. After the collars had been reoriented to correct the beam alignments, the power to the heater wires is cut off, cooling down and rigidizing the joint walls, allowing them to offer structural support again. The PZT Actuator concept is shown in Figure 5 . Although not shown in Figure 5 , the back-up load support is an important part of the morphing joint design. The support can take the form of a central ball and socket joint or any mechanism that will support axial load while still allowing the required morphing motions expected of the joint. Also, if necessary for the morphing process, fiber optic thermal and position sensors, such as those developed by Luna Innovations, can be placed strategically around the joint to enable the monitoring of the temperatures and displacements of the joint and the adjacent tubes 7 .
Joint Prototype
The design of the morphing joint was based around 3 type 7-R Thunder ® actuators and a previously designed 17.75 cm diameter monocoque tube. The 3 Thunder actuators are arranged in a tri-leg system and secured to the monocoque tube (referred to as the joint sleeve) by aluminum joint collars ( Figure 6 ).
To allow for the bending effects of the actuators as well as the geometrics of the trileg joint morphing movement, the Thunders were attached to hinges. The hinges, in turn, were secured to the joint collar by a pivot, allowing the freedom of movement required for the actuators to move the joint collars without binding.
Figure 6. Thunder actuators attached to joint collars
However, as a consequence, the task of supporting any loads through the joint is left entirely up to the joint sleeve. Figure 7 shows the interior construction of the joint and the completed joint. 
Testing of Morphing Joint Prototype
The joint was tested between the temperatures of 90 and 107°C, well above the joint sleeve's T g of 55°C. After the joint was heated up in the oven, each actuator was individually activated and any movement in the joint was noted.
During the first few morphing attempts, the energization of one particular actuator moved the top collar down approximately 0.13 cm. However, as the testing continued, the energization of the actuators failed to induce any response from the joint. The cause of the low morphing ability and eventually, failure to morph was a result of several events:
1. The morphing force of the actuators was not enough to overcome the shape memory strength of the composite joint sleeve as it tried to straighten while above T g .
2.
The actuators are virtual capacitors and after repeated energization lose their functionality until they are physically discharged. The strength of the shape memory of the joint sleeve, after a prolonged period (~1 hour) above the composite's T g , pulled the actuators out of their pre-stressed and curved shape, thus removing their ability to morph. Although the joint did initially morph to a small extent, the strength of the joint sleeve's shape memory was underestimated and soon propagated into complete failure of the joint to morph.
Joint Morphing Improvements -Alternative Actuators and Designs
Research was also done on alternative actuators, such as the magnetic smart material (MSM) linear actuators by Energen Inc., a company that specializes in precision motion control (www.energeninc.com). Actuators such as these address the problem of internal joint support, which the design discussed above lacks, as well as having a greater performance reliability over a larger range of environments than the Thunder actuators, whose displacement and force characteristics are susceptible to changing over a range of temperatures. Energen offers many possible solutions for the morphing joint such as Magnetostrictors and Ferromagnetic shape memory alloys that can be engineered into stepper motors or ratcheting actuators with operating temperature ranges, load capabilities, and linear displacements that would satisfy the requirements of the morphing joint. These actuation options offered by Energen are capable of generating precise movements at measured increments as well as the capability of supporting high loads through the direction of displacement, both features that the current Thunder ® actuators cannot offer. A different joint sleeve design may also be considered to remove the need for pre-collapsing. A design similar to flexible ribbed hoses such as those used for vacuums and pool cleaning may be considered. The new design would still need to be very stiff, axially strong, and have zero CTE. The advantage of having a joint sleeve designed to allow morphing when heated above T g over the pre-collapsed joint is that the fibers can be designed to bend to accommodate the morphing movement in a way that no sharp creases will exist. These sharp creases have the potential to damage the fibers and thereby compromise the strength of the joint as a whole.
V. Conclusions
Numerous twisted tow, sheet isogrid, and tube isogrid specimens were subjected to thermoreversibility tests after light cure. These consisted of all glass and glass/carbon hybrids. Each specimen was heated above the resin T g and compressed into a tightly wound form and cooled to remain in the compressed state. Upon reheating above T g , all of the materials returned to their original light-cured shape with good tolerances. Thus, they all exhibited excellent shape memory. All indicators are that these systems can, in fact, be fabricated on Earth, then packed and deployed in space, eliminating existing concerns regarding the quality of the on-orbit structures created using Rigidization on Command™ (ROC) technology. If the systems are rigidized on-orbit, a means exists for correcting defects if necessary.
The initial morphing joint prototype showed a sufficient proof-of-concept by successfully morphing. Further work on the composite sleeve geometry and resin in the next phase will greatly improve the morphing capability of the joint. A future combination of an analysis of various actuator positions and configurations compared to the current tri-leg system as well as finding a more reliable and finitely adjustable actuator will increase the morphing accuracy of the joint as well. Based on the research done on Energen products and technology as well as discussions with their Research Manager, finding a morphing solution for the joint looks promising. Along with this research, the next phase would require a reassessment of the morphing joint structure and typical requirements to fit within the requirements of the booms it is meant to connect. These requirements include packability and ability to carry axial load at all times even when at T g .
